We examined the population structure of sand scorpions (Paruroctonus mesaensis) by performing genetic and morphological analyses. Sand scorpions were expected to show large genetic distances among populations because they are limited to sandy habitats. However, allozyme analysis showed only moderate genetic differentiation among populations. The morphological analysis showed a geographical association among regional sites. A positive association was found among genetic, morphological and geographical distance matrices. However, the morphological distance matrix showed a higher correlation value with geographical distance than with genetic distance. This result suggests that local environmental conditions may affect scorpion morphology more than they affect genetic structure among populations. The sand scorpion population structure can be described as one with gene flow among populations in the middle of the range and increased isolation along the range boundaries. The major mechanism of genetic exchange is probably sand corridors that periodically connect different sand dune systems. As the age of the North American Sonoran Desert may be less than 10000 years, it is also possible that isolation has not existed long enough to differentiate the populations to a greater extent.
Introduction
Species vary in morphological and genetic patterns across their geographical ranges. These patterns can provide insight into how factors such as natural selection and population subdivision can mould populations. Analyses of populations show that concordance between morphology and allozyme composition among populations may or may not exist. For example, Appalachian stream snails exhibit a significant positive correlation between morphological distance and allozyme genetic distance (Dillon, 1984) .
Dillon suggested that long periods of isolation among populations promoted morphologically and genetically distinct populations and produced concordance between these variables. A similar trend exists for Deer Mice on the Californian Channel Islands (Gill, 1980) . Island mice show a significant positive correlation between genetic data and morphological data. However, these mice populations exhibit a greater morphological divergence than genetic divergence (Gill, 1980) . For other species, no significant association exists between morphological and allozyme data. A nonsignificant correlation was found between these variables in the Californian Channel Island fox (Wayne et al., 1991) . Mutation rate effects and colonization history were proposed to explain this lack of correlation (Wayne et a!., 1991) . Similarly, no association occurs among populations of stichaed fish Anoplarchus purpurescens found in northwest Pacific coastal waters (Yoshiyama & Sassaman, 1983) . Most allozyme loci examined (nine of 12) showed no difference between California and Alaska. Yoshiyama & Sassaman (1983) considered the morphological differences to stem from latitudinal variation among populations. The lack of association between morphology and allozyme data was attributed to environmental effects on morphology.
In general, it appears that insular species show a significant relationship between morphological and allozyme data (Gill, 1980; Dillon, 1984) . Insular species may illustrate the effects of selection and random genetic drift resulting from reduced migration among populations. In this paper we describe the morphological and genetic variation of scorpion (Paruroctonus mesaensis) populations that occur on habitat islands. We also compare genetic, morphological and geographical distance matrices of scorpion populations to investigate if congruence exists among these variables.
Materials and methods

Pertinent scorpion biology
Paruroctonus mesaensis Stahnke, a sand-dwelling scorpion of the Sonoran Desert, primarily inhabits sand dunes and areas of sandy substrates where it occurs in dense populations (greater than 2000/ha) (Polis & Yamashita, 1991) . The scorpion ranges from Phoenix, Arizona, west to the Coachella Valley (Palm Springs), California; north to the Death Valley (D. Gaffen, personal communication) and south to northern Baja California, Mexico, and Sonora, Mexico (Haradon, 1983) (Fig. 1) . It is an ecologically important species as a generalist predator in desert food-webs (Polis & Farley, 1979) . Paruroctonus mesaensis possesses morphological features that decrease its dispersal and constrain it to sand, for example numerous modified setae upon the tarsi that enhance movement on sand but not other substrates. The scorpion excavates a burrow only in sand (Polis et al., 1986) . Such borrowing and edaphic specialization reduce the likelihood of extended movement away from sand. However, mature males can move extensively when searching for mates (Polls & Farley, 1979 (Selander et al., 1971) . All electrophoretic procedures were from Werth (1985) , Richardson et a!. (1986) and Murphy et a!. (1990) . The allozyme data were analysed with the BIosYs-1 program (Swofford & Selander, 1981) .
Several parameters of genetic variation were calculated from the allozyme data. Measures of genetic variation within a population included observed average heterozygosity, per cent polymorphism (0.95 criterion), and the mean number of alleles in each population (Nei, 1987; Pasteur et a!., 1988) . The number of alleles resolved for a locus also measures genetic variability but is limited because of its dependence on sample size (Nei, 1987) . Investigators have used the loss of alleles to determine if a population experienced a bottleneck or was founded by a few individuals (Crouau-Roy, 1989; Carson, 1990) . We determined estimates of among-population divergence by Wright's F-statistics and modified Rogers's genetic distance. The significance of the Fvalues was tested by a x2 heterogeneity test (Workman & Niswander, 1970) .
Clustering and multidimensional scaling UPGMA dendrograms were created with modified Rogers's genetic distance because this distance statistics satisfies the 'triangle inequality' and is similar to Mahalanobis distance (Nei, 1987) . Although UPGMA dendrograms can simplify relationships among populations, data from populations exhibiting close genetic distances often remain difficult to interpret. Scaling the distances in two dimensions clarifies relationships not apparent along one dimension. Multidimensional Scaling (MDS) maps distances among data points onto several dimensions (Schiffman et a!., 1981; Lessa, 1990) . In this study, we performed the MDS using Rogers's modified
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Morphological analysis
We collected 15 (±0.64 SD) adult individuals of each sex from 22 populations included in the allozyme analysis and fixed them in FAA (12 per cent Formalin-2 per cent acetic acid-30 per cent alcohol). Maturity was determined by body size and secondary sexual characteristics. In males, the length of the genital papillae was the primary indicator of maturity; sexually mature males manifested a pronounced papilla compared with immatures (Polis & Farley, 1979) . For females, the smallest gravid individual in each population was used as a crude measure of maturity; all larger females were considered to be mature.
We analysed 10 meristic and five continuous characters. The following meristic characters were measured: right and left pectine teeth, denticles of the sixth row on the fixed pedipalp finger (right and left), sixth row denticles of the movable pedipalp finger (right and left), retrolateral setae number on the right leg (first and second), and the third leg retrolateral setae (right and left). The five continuous characters measured were carapace length, pedipalp length (right and left side from base to the tip of the fixed finger), fourth right leg femur length and the length of the fifth metasomal segment. Carapace length was used as a measure of body size and it correlates tightly to overall body length (Polis & Parley, 1979) . Continuous traits were measured with digital calipers accurate to 0.01 mm. These measurements were entered into a Canonical Variates Analysis (CVA) to calculate morphological distances among populations.
Canonical variate analysis
Canonical Variate Analysis (CVA), a multivariate technique, allows input of several variables to investigate the morphometric relationship among several populations. It maximizes among-group distances while shrinking within-group dispersion to resolve patterns among groups (Albrecht, 1980; Reyment et a!., 1984) . The CVA is similar to a two-stage principal components analysis (Albrecht, 1980) . First, the data cluster is rotated to maximize within-group variation, then it is rescaled to standardize withingroup variation. Finally, clusters are again rotated to maximize among-group variation.
The CVA was performed with the PROC CANDISC in SAS (SAS User's Guide: Statistics, 1985) . The scorpion measurements were untransformed; however, we evaluated multivariate normality and homogeneity of variances among the groups by procedures outlined in Stevens (1986) . The multivariate normality was assessed by examining the coefficients of skewness and kurtosis for each variable in all populations. We did not verify the homogeneity of variances among the groups prior to the analysis; however, the PROC CANDISC output indicates when heterogeneity exists and is, in any case, robust and can usually handle minor violations of the assumptions. The PROC CANDJSC also provides Mahalanobis distances, a generalized statistical distance used in morphological measurements (Reyment et a!., 1984). The Mahalanobis distance matrix was entered into SYSTAT programs for clustering (UPGMA) and Multidimensional scaling (MDS) (Wilkinson et al., 1992) . The UPGMA clustering dendrogram was created first, then the MDS was used to plot the populations in two dimensions.
Associations between allozymes, morphology and genetic distances A Mantel test was performed to determine if positive covariation exists among allozyme, morphological and geographical distance matrices. This nonparametric test analyses similarity between two distance matrices where standard tests of correlation are not applicable because of the lack of independence among cells in a matrix (Mantel, 1967; Douglas & Endler, 1982) . The Mantel test has been used to compare different molecular distance matrices with each other and with morphological data (Sbordoni et al., 1991) and to compare matrices of ecological factors with geographical and climatic matrices (Douglas & Endler, 1982) .
Results
Aiozyme analysis
The allozyme data reveal that most populations contain moderate levels of genetic diversity. Average heterozygosity for all the populations was 0.14±0.03 SD (n = 28; range 0.08-0.20) ( (Table 2 ). The mean F1 and FIT were 0.170 and 0.3 15, respectively. The FST value estimates population differentiation well because this analysis spanned the scorpion's entire range. The x2 contingency analysis also showed significant genetic differences among populations (Table 2 ; Workman & Niswander, 1970) .
Other measures of population differentiation showed similar results to the FST analysis. Modified Rogers's genetic distance values ranged from 0.047 to 0.398. On the dendrogram, most populations clustered below 0.300. The large number of branches near the terminal nodes confuses the association of the populations to one another (Fig. 2) . The cophenetic correlation, a measure of the similarity between the phenogram and the original distance matrix, was 0.80 (Sneath & Sokal, 1973) . General patterns can be distinguished from the MDS plot with the more geographically peripheral populations on the edges (Fig. 4) . The central cluster may result
The Genetical Society of Great Britain, Heredily, 75, 495-505. from populations that experience more similar environments or greater gene flow than peripheral ones. There also appears to be three clusters of popula- The female MDS plot was generally congruent to the male plot (this effect was not evident from the UPGMA dendrogram). There were two groups (Algodones populations and California/Arizona populations) in both plots congruent to each other (Fig. 4) . In the females, however, the Algodones populations are separated more distinctly from the Calif ornia/ Arizona cluster. Within this cluster, California and Arizona populations are distinct. The Coachella Valley group appears on the upper left of the cluster whereas the eastern California and Arizona populations occupy the lower right of the cluster. (Table 3 ). All six comparisons were positive, some significantly so, indicating that similar factors (for example geographical separation) affect each distance matrix in a similar manner. The significant positive association between male and female morphological matrices indicates that these characters within a population experience similar environmental and/or genetic effects. However, male and female morphological distance matrices were not correlated significantly with genetic distance (0.64 males and 1.07 females, P 0.05). All distance matrices showed a significant association with geographical distance. In spite of the significant association, the genetic distance matrix was not as significant with geographical distance as were either the male or female morphological matrices. This result suggests that geographical distances may constrain morphological character variability more than genetic variability.
Discussion Allozyme analysis
There are two results of interest: P mesaensis populations exhibit moderate levels of average hetero- (Wright, 1978; Preziosi & Fairbain, 1991) . It is possible that
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The observed genetic distances reflect close association among most populations. The MDS plot shows that many populations are central: populations close in geographical distance exhibit similar coordinates in the MDS graph; yet, some peripheral populations (e.g. Kelso-Q) also appear to be central. The Kelso population, slightly lower in average heterozygosity, exhibits no large reduction in allele number and no novel allele variants. The data from this dune could result from a large number of founders (large population size) or successive migration events. We interpret the location of several geographically distant populations in the middle of the MDS plot as a random effect of gene drift causing a loose association among these populations. Other isolated populations on the MDS plot primarily occurred on the fringe of the P mesaensis range. Historically, the large (5700 km2) Lake Cahuilla occupied the southern portion of the Coachella Valley, the Salton Sea, and the Imperial Valley (Waters, 1983) . The lake existed until approximately 400 years ago and was filled four times (1300 to 500 BP, each filling lasting 100 years; Waters, 1983) The patterns of allozyme divergence in P mesaens/s populations generally reflect patterns evident in the Desert Tortoise and Pocket Gophers, two other species with limited ranges in the Sonoran Desert (Patton & Yang, 1977; Lamb et al., 1989) . In these species, greater gene flow occurs within populations in California and Arizona; the Colorado River, at times, forms an effective barrier to gene flow (Patton & Yang, 1977; Lamb et al., 1989) . For Pocket Gophers, distinct separation exists between northern populations on opposite sides of the river; however, those in the delta further south appear to introgress. Similarly, the MDS plot of scorpion genetic distances reflects populations on the two sides of the river near Parker-T being distinct from each other, but those on the Arizona side of the river near Yuma (U-W) appear close to populations in the Algodones (F-J) in California.
We speculate that population size slowed the loss of genetic variation in P mesaensis more than other factors. For many collecting sites, the number of individuals caught per person-hour reflected a robust population (80-100 individuals per personhour). Low densities occurred only in some peripheral populations (Mohawk-b, Agua Caliente-Y, Phoenix-Z, San Felipe-K). Polis & Yamashita (1991) estimated that P mesa ensis can be quite dense (2000->5000 individuals/ha). Eighteen of the central and two of the isolated populations (Kelso-Q and Needles-R) exhibited no reduction in allele number, which suggests that a large number of colonists founded these dunes and that population size has remained large.
Sand dune and sand region movement in alluvial systems can allow range expansion through the simultaneous dispersal of a large number of individuals. We speculate that moderate numbers of P mesaensis were able to move along sand corridors and establish new populations. These sand corridors were created by sediment deposition by the Colorado River and allowed migration among many populations in the lower Colorado River region and near the Gulf of California (Coachella Valley-A-E, Algodones-F-J and Yuma-U-W). Migration to isolated dunes along the Colorado and Salt Rivers (Needles-R, Mohawk-b, Agua Caliente-Y and Phoenix-Z) probably took place when large floods and arid climate cycles created temporary corridors (Ely et al., 1993) . These ephemeral corridors isolated populations as patterns of shore location and river sediment changed.
During the Pleistocene, the range of P mesaensis most likely contracted to northern Sonora, Mexico, the lower Colorado River delta, and the lower Gila River valley in western Arizona (Betancourt et al., 1990 ). The populations in this habitat probably exchanged genetic material frequently because the soil in this region, which is primarily alluvium, did not separate them (Crosswhite & Crosswhite, 1982) .
As the climate grew more arid and sand dunes became more common, P mesaensis dispersal was probably enhanced by sand corridors and movement of active sand dunes to new areas (small dunes can move up to 20 m per year, large dunes, 5 m; Sharp, 1978) .
Analyses of morphological distances and effects of iso/at/on
The results from the MDS analyses suggest that morphological separation of populations is not totally a product of geographical isolation. Instead of an isolation by distance effect, groups of populations form separate clusters (Fig, 4) . In the male MDS plot, three subgroups (the Coachella Valley, the Algodones Dunes and the Arizona populations) cluster, indicating that overall morphological distances are not very large. Some of the more spatially isolated populations may exhibit morphological distances that place them near those in the range centre because similar environmental factors (climate and the sand substrate) may result in convergent morphologies. In Pocket Gophers and Appalachian stream snails, morphological differentiation among populations may result from local environmental conditions (Dillon, 1984; Smith & Patton, 1988) .
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Congruence of genetic, morphological and genetic distance matrices
The Mantel tests demonstrate that morphological patterns are different from patterns of genetic variability. The nonsignificant relationship between morphology and genetic distance implies that different agents are responsible for each distance matrix. A similarity in distance matrices between these variables could exist if isolation effects created a morphology and genetic structure unique to each population (Gill, 1980) . However, what may cause the nonconcordant relationship between the two types of distance matrices is that most peripheral populations of P mesaensis are relatively isolated from one another whereas central populations exhibit genetic distances close to one another. In the range centre, sand is common and migration among demes is more likely than at the range extremes where sand is discontinuous and patchy. Such substrate patchiness can create greater isolation among peripheral populations. Furthermore, several populations exhibit morphological distances similar to those in different portions of the range (e.g. Kelso-0, a peripheral population, fell within the MDS centre). Thus, morphological characters are not neutral and create a nonsignificant relationship between the genetic and morphology data matrices because most peripheral populations show large genetic distances from central sites but a few peripheral populations are morphologically similar to those that are central.
This study shows that the sand scorpion exhibits moderate genetic differentiation among populations, a general morphological separation of populations and a positive correlation between geographical distance and scorpion characters (genetic and morphological distance). These results suggest that sand scorpion populations are similar to species with recent colonization histories (Channel Island foxes, Wayne et al., 1991) and those with a strong environmental influence on morphology (stichaed fish, Yoshiyama & Sassaman, 1983 ,- 
